In this paper, the interdisciplinary energy harvesting issues on piezoelectric energy harvesting were investigated using a '33' mode (mechanical stress and/or electric field are in parallel to the polarization direction) lead zirconate titanate multilayer piezoelectric stack (PZT-Stack). Key energy harvesting characteristics including the generated electrical energy/power in the PZT-Stack, the mechanical to electrical energy conversion efficiency, the power delivered from the PZT-Stack to a resistive load, the electrical charge/energy transferred from the PZT-Stack to a super-capacitor were systematically addressed. Theoretical models for power generation and delivery to a resistive load were proposed and experimentally affirmed. In a quasi-static regime, 70% generated electrical powers were delivered to matched resistive loads. A 35% mechanical to electrical energy conversion efficiency, which is more than 4 times higher than other reports, for the PZT-Stack had been obtained. The generated electrical power and power density were significantly higher than those from a similar weight and size cantilever-type piezoelectric harvester in both resonance and off-resonance modes. In addition, our study indicated that the capacitance and piezoelectric coefficient of the PZT-Stack were strongly dependent on the dynamic stress.
Introduction
Piezoelectric energy harvesters (PEHs) are commonly used in motion/vibration energy scavenging devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . In the past two decades, scientists and engineers have made great efforts from different academic fields to understand how to harvest vibration/motion energy from ambient using a PEH, which generates electrical charges at the surface of piezoelectric structures when a strain/stress/force is applied. Examples of remarkable contributions for this are: (1) how to couple mechanical energy from mechanical vibration sources to piezoelectric structures [5, 13] ; (2) how to store electrical charges/energy more efficiently [4, 10, 14, 15] ; (3) how to harvest energy from motions [1] ; and (4) how to miniaturize harvesters [2, 5] . Those discoveries and research demonstrated the feasibility of piezoelectric energy harvesting technology. One of the most successful examples is the Moonie-type piezoelectric harvester (a kind of flextensional transducer) to generate more electrical charge/power from the force amplified structure as well as a relatively highly effective (or equivalent) piezoelectric coefficient [15] [16] [17] . However, the current piezoelectric harvesting technologies can only harvest electrical power in the level of µW-mW, usually at a specific resonance frequency, with an energy conversion efficiency of less than 7.5% [4-9, 11, 13] .
A great challenge that faces us is how to harvest electrical power in the level of 10s mW to W with a broadband harvester at various vibration/motion situations to meet the needs of the common portable devices [12, 14, 18] . This motivates us to consider all possible interdisciplinary issues for piezoelectric energy harvesting from mechanical vibration/motion, including piezoelectric material and structure properties, electrical load and harvesting circuitries, etc. In general, the mechanical to electrical energy conversion efficiency of '33' mode structures (or longitudinal mode: stress is parallel to the dipole moment direction) is 3-5 times larger than that of '31' mode (stress is perpendicular to the dipole aligned direction, or called the transverse mode) [19] [20] [21] . In addition, a '33' mode piezoelectric structure can produce twice the electrical charges of the same sized '31' mode structure for the same level of stress/force. Despite the above advantages, '33' mode piezoelectric structures have not been popularly used for energy harvesting because a simple '33' mode piezoelectric structure is too stiff to couple mechanical energy into its structure [22] . However, it can be a basic element for integrating into advanced PEHs [23] [24] [25] . It can also be used for harvesting energy from a relatively larger force vibration/motion. Therefore, in this paper, we systematically investigate high-performance PEHs using '33' longitudinal mode in piezoelectric lead zirconate titanate, i.e., PZT, ceramic multilayer stacks (PZT-Stack) for (1) the generated electrical energy/power in the PZT-Stack, (2) the mechanical to electrical energy conversion efficiency, (3) the power delivered from the PZT-Stack to a resistive load, and (4) the electrical charge/energy transferred from the PZT-Stack to a super-capacitor. In this study, we investigated the frequencies from 1 Hz up to 2000 Hz in order to cover the majority of mechanical vibration frequencies from human motion in the order of 1 Hz to the vibration frequencies of airplane structures in the order of 1000 Hz [26, 27] .
The second challenge for piezoelectric energy harvesting research is the characterization for PEHs, since the electromechanical properties of piezoelectric materials, such as the piezoelectric coefficient, dielectric constant and capacitance are strongly dependent on dynamic stress at quasi-static frequencies [28] [29] [30] [31] [32] [33] [34] . At resonance frequency, in addition to the stress dependent properties, the mechanical impedance is also introduced. This makes the theoretical model and the experimental evaluations for PEH performance more complex. Although the trial and error method to find the maximum value of the electrical power delivered to a resistive load [4, 5] is one of the most popular methods for piezoelectric energy harvesting study, the questions concerning the energy delivery efficiency from a PEH to a matched resistive load and unmatched resistive loads remain open. In addition, there are only a very few reported successful stories on charging a super-capacitor or battery with a PEH [10, 17] . Therefore, the evaluations for the generated electrical energy/power in the PZT-Stack, the delivered power from the PZT-Stack to resistive loads and power delivery efficiency, as well as the energy storage issues will be addressed in this paper.
This paper was organized into 6 sections. The PZT-Stack was introduced in section 2. In section 3, the theoretical models for the generated electrical power in a piezoelectric structure and the power delivery to a pure resistive load were proposed. Then, the experimental methods were presented in section 4. In section 5, the following results and discussions were presented: (a) impedance and static capacitance, (b) generated electrical powers and charging a super-capacitor at an off-resonance mode, (c) generated voltages and electrical powers in the entire frequency ranges, (d) power delivery, impedance matching, and dynamic capacitance and power determination for off-resonance mode operations, (e) relationships between generated electrical power with applied dynamic forces and frequencies for off-resonance mode, (f) mechanical to electrical energy conversion efficiency, (g) generated power, delivered power, and stored energy in a super-capacitor at resonance frequencies. Finally, the paper was concluded in section 6.
PZT-Stack
A diagram of the PZT-Stack is shown in figures 1(a) and (b). A real picture of the PZT-Stack used in the experimental study is shown in figure 1(c) . The PZT-Stack was originally produced by CeramTec in Germany as a monolithic multilayer actuator, not a harvester. It is composed of 300 layers of 0.1 mm thick Navy Type II (CeramTec SP505) PZT plates alternating with 0.1 µm thick pure silver internal electrodes (301 layers), as shown in figure 1(a) . The PZT-Stack also has 1 mm thick passive layers (with no electrodes) at each end, weighing 12 g totally and with dimensions of 32.4 mm × 7.1 mm × 7.6 mm. The capacitance of the PZT-Stack is about 2.5 µF measured at 1 kHz without mechanical load. The parameters are listed in table 1 . More details about the PZT-Stack can be found in [35] .
Theoretical modeling
3.1. Generated electrical power at quasi-static regime For a piezoelectric multilayer stack as shown in figure 1 , the equivalent piezoelectric coefficient, which is defined as the total generated electrical charge to the applied force to describe the device property and to distinguish from the piezoelectric coefficient for piezoelectric materials, in the AA direction at static status is [21, 36, 37] d eq,0 = cnd 33 (1) where n is the number of piezoelectric layers, d 33 is the intrinsic piezoelectric coefficient of the piezoelectric material in the '33' direction (AA for this case), c is a constant determined by the constraint effect from electrodes, the ratio of electrode area over the total area of the piezoelectric plate, the side electrodes, and the encapsulation layer of the multilayer stack. Typically, c is in the range of 70%-95% depending on how the stack was fabricated. We assumed c to be 95% for a co-fired PZT-Stack in our modeling. The static capacitance for the PZT-Stack is
where 0 is the permittivity of the vacuum, r is the relative permittivity of the piezoelectric material, ab is the electrode area of the single layer piezoelectric plate, t is the thickness of the single layer piezoelectric plate. When a dynamic force/stress is applied on the PZT-Stack, its direct piezoelectric coefficient, dielectric constant, and capacitance are strongly dependent on the applied dynamic stress [28] [29] [30] [31] [32] [33] [34] . The real capacitance of the PZT-Stack will be changed [34] due to the changes of dielectric constant and the dimensions as well as the elastic effect from the structure. In order to distinguish from the motional capacitance [38] , which was defined for the equivalent capacitance from the stiffness of structure at its resonance frequency, we called the changed capacitance at the quasi-static regime dynamic capacitance. The dynamic capacitance can be expressed as,
where γ is the ratio of dynamic capacitance over the static capacitance. It is dependent on the dynamic stress/force applied on the PZT-Stack.
The overall capacitance for the PZT-Stack is
Similarly, the equivalent piezoelectric coefficient at the quasi-static condition can also be expressed as 33 (5) where d eq,d is the dynamic equivalent piezoelectric coefficient and the α is the ratio of the dynamic equivalent piezoelectric coefficient over the static equivalent piezoelectric coefficient.
The applied dynamic force in the AA direction is
where F 0 , f , ω = 2π f are the magnitude, frequency, and angular frequency of the dynamic force. For the off-resonance case (operating at frequencies far from the resonance frequency), the open-circuit voltage due to an applied dynamic force can be expressed as [39] 
where φ is the phase due to time delay and hysteresis, V 0 = d eq C p F 0 is the peak voltage. The generated electrical energy is [39] 
The generated instant electrical power is
and the generated electrical power, which is the root mean square (RMS), (i.e., effective),
where V rms is the RMS of the open-circuit voltage.
In this study, we divided the generated electrical power in the PZT-Stack into two parts: (1) the first part is the static power, which is defined as the change of the accumulated energy in the static capacitance (C p0 ) over time, and (2) the second part is the dynamic power, which is defined as the change of the accumulated energy in the dynamic capacitance (C pd ) over time. With the new definitions, the equations (9) and (10) can be rewritten as
where P 0 (t), and P d (t) are the generated static instant power and dynamic instant power; and P 0 , and P d are the generated static power and dynamic power, respectively. With the new definition, we can understand the generated electrical power in the piezoelectric component better and evaluate it easily with experiments. For instance, one can measure the static capacitance of the piezoelectric component with a multimeter and measure the generated open-circuit voltage as well as the frequency with an oscilloscope to quickly determine the generated static power. In section 5.3, we will introduce a resistive load aided method to determine the dynamic capacitance.
Delivered power to a resistive electrical load
Delivering the generated electrical energy to a resistive load, and storing the energy into a super-capacitor/battery are two ways to extract the electrical energy from the PEH. They are two of the challenging issues for piezoelectric energy harvesting study, and attracted researchers to pay more attention [9, 10, [40] [41] [42] [43] [44] [45] . In the past decade, great progress has been made addressing energy delivery and storage issues for PEH working at resonance modes. For instance, Kong et al [46] addressed well the electrical load matching issues for complex load and/or impedances. Their modeling predicted that a maximum efficiency of around 75% could be delivered to a complex conjugate matching load with a very narrow band frequency. However, the theoretical matched complex conjugate could not become practice and the efficiency drops off sharply outside the frequency range [46] .
Practically, the trial and error method to find the maximum value of the electrical power delivered to a resistive load is one of the most popular methods for piezoelectric energy harvesting study since this method has the following advantages: (1) it is simple and practicable, (2) it is inexpensive, (3) a maximum power is able to be obtained with a matched resistive load, and (4) the value obtained is significantly larger than that stored in a super-capacitor/battery. However, the energy delivery efficiency, which is the ratio of the delivered electrical power over the generated intrinsic electrical power in the piezoelectric element of the PEH, is not determined yet.
In this study, the equivalent electrical circuits for a PEH connected with a resistive load are shown in figure 2 . In order to make the model more accurate, we added the dynamic capacitance (C pd ) as we defined in the equation (3) to describe the piezoelectric structure. Since the capacitance of a piezoelectric material is not an ideal capacitor, it can be commonly treated as an ideal capacitor, serial connected with an equivalent serial resistive (ESR, R ESR ) load [47] to represent the dielectric loss.
The ESR for a piezoelectric can be expressed as
where tan(δ) is the dielectric loss factor of the piezoelectric structure.
For resonance mode operation, the equivalent voltage circuit is commonly used as shown in figure 2(a) to fully account for mechanical vibration induced impedance to the PEHs. For the off-resonance mode, especially for quasi-static, where the vibration frequency (f ) is much lower than the resonance frequency (f r ) of the PEH, the current equivalent mode, as shown in figure 2(b), drops off mechanical parts without influencing the results if the equivalent current is flowing in the dynamic processing [10, 40] . In this paper, we will focus on addressing the delivered power to a resistive load at the quasi-static regime (off-resonance model) [48] . When a dynamic force is applied on the PZT-Stack, the produced electrical charges can be treated as an alternative current source.
When a resistive load is connected to the PZT-Stack, the equivalent circuit can be described as in figure 2(b) for the off-resonance model. The produced electrical charges are charging or discharging through both of the capacitor of the PZT-Stack (C p ) and the RESR, as well as the resistive load (R L ) simultaneously. When the dynamic force in equation (6) is applied, the produced electrical charge is [39] 
The total current is
The impedance for a capacitance of the stack is [48]
Considering the equation (11), the impedance of the PZT-Stack is
The total impedance of the closed circuit is
Insert the equation (15) into equation (16), the total impedance for the closed circuit is
The absolute value of the total impedance for the closed circuit is
Then, the voltage cross the resistive load and the capacitance of the PZT-Stack is
The RMS value of the real voltage cross the resistive loads is
Therefore, the instant electrical power delivered to the resistive load is
Substituting (18) into equation (19), one can obtain
The electrical power delivered to the resistive load is
For a give vibration source with a dynamic force of fixed frequency, considering the resistive load R L is a variable parameter, the maximum electrical power occurs
Then, the maximum power of the electrical energy delivered to the resistive electrical load is
If the piezoelectric stack is an ideal capacitor or the tan(δ) value of the piezoelectric structure is infinitely small, the maximum delivered electrical power is From equations (10) and (22a), the power ratio of maximum delivered power over the generated electrical power in the PZT-Stack can be obtained as
Comparing the equations for case that the tan(δ) value of the piezoelectric structure is infinity small, the maximum delivered power ratio is
The calculated maximum delivered ratios with different values of tan(δ) are listed in the table 2. Typically, the static dielectric losses are between 0.005 and 0.02, for piezoelectric ceramic materials (TRS). Therefore, 70% generated electrical power can be delivered to a matched resistive load. The general electrical power delivered ratio can be taken from the equation (20a) over equation (10) , as
Experimental measurements setup and methodologies
The measurement setup is illustrated in figure 3 . The diagram of the test setup is presented in figure 3 (a). The pictures of the overall test setup frame and the detail of the test for the PZT-Stack are presented in figures 3(b) and (c), separately. The energy harvesting experiments were carried out using a test unit consisting of (1) a MB-100 shaker from MB Dynamics, (2) a PCB model 208C02 force sensor, (3) a specially designed metal frame station, (4) an HP 35670A dynamic signal analyzer, and (5) two Polytech Laser vibrometers (Model # OFV-056, and OFV 512 fiber Interferometer). The PZT-Stack was placed between the top and bottom test fixtures. In order to reduce the potential movements in the lateral direction, the bottom of the PZT-Stack was set in a cylindrical clamp (1 mm deep and 9.7 mm in diameter). A dynamic force sensor was fastened to the top of the testing fixture to measure the dynamic excitation force. In addition, a static force sensor was fastened on the top of the dynamic sensor to monitor the applied static bias force. The static bias force is controlled by adding the DC bias voltage to the power source of the shaker (a 80 N DC bias force was applied for all the tests). The bottom test fixture was fastened to the shaker platform. The four channel HP 35670A dynamic signal analyzer was employed for shaker vibration control and data recording of the applied dynamic force, the generated voltages, and displacements of the PZT-Stack during testing. Precisely measuring the displacement (with resolution <1 nm) of the PZT-Stack is very critical to measure the input net mechanical energy/power into the PZT-Stack for the mechanical to electrical energy conversion efficiency characterization. In order to monitor the input mechanical energy more accurately, the following designs, as shown in figure 3, were applied: (1) in order to reduce the bending motion of the top beam of the test frame during shaker vibration, a cross section of 2 in × 2 in stainless beam was used; (2) in order to reduce the deformations from the sensor adapters, 1.5 in hexagon stainless steel components and a 1 in diameter stainless steel thread were used, (3) in order to further monitor the deformation from the force sensors and others more accurately, two Polytech laser vibrometers were employed to measure the top and bottom displacements of the PZT-Stack simultaneously during applying dynamic force on the PZT-Stack.
High power (5-50 W the generated electrical power) and accurate wire-wound resistors were used for the electrical power delivery and impedance matching investigations. A model number EHC-601 (PIEZO SYSTEMS, INC, Woburn, MA) energy harvesting circuit with 6600 µF capacitor was used for electrical energy storage tests. The static impedance and capacitance of the PZT-Stack at load free and two ends clamped conditions were characterized with an Agilent 4294A impedance analyzer. A Fluke 123 Industrial Scope Meter was used for (1) measuring the static capacitance for the PZT-Stack assembled in the test station with static compression, (2) measuring all the resistances of the resistors, and (3) recording the energy storage processing with the EHC-601 circuit.
Results and discussions

Impedance and static capacitance
The impedance and the static capacitance spectra of the PZT-Stack under free and stressed (clamped at two ends) conditions are presented in figure 4 . Comparing the impedance plots of the PZT-Stack under free and clamped at two ends, which is similar as setting in the test station, as shown in figure 3 , one can see that the low-frequency bending vibration mode that occurs at 2.28 kHz for the two end clamping situation. Applying the stress on the PZT-Stack results in reduction of the impedance peak at low frequency. However, the fundamental length model resonance is shifted to a higher frequency (from 51.2 to 58.2 kHz). The fundamental mode of vibration is caused by the motion in the length direction of the PZT-Stack, and the overall displacement of the measurement system is also along the length direction of the PZT-Stack. The efficiency of the transduction is maximum near the resonance frequency, but the vibration frequency considered in the experiment for off-resonance mode was in the range of 1-700 Hz, which was quite below the resonance. Therefore, impedance from the mechanically induced inductance should be much smaller than the capacitive impedance and the assumption of the equivalent circuit in the figure 2(b) is valid for the frequency less than 700 Hz [10, 49] . The static capacitance for the PZT-Stack was almost constant (2.5 µF) in the range from 40 to 2000 Hz. It was 2.66 µF at anti-resonance frequency and 1.90 µF at resonance frequency. This indicated that the dynamic capacitance is significantly smaller than the static capacitance for the interested frequency for energy harvesting. presented in figure 5 , wherein figure 5(a) shows that the sinusoidal waveform of the generated voltage tracks the sinusoidal waveform of the applied force. The generated peak-to-peak voltage is about 6.4 V. The experimentally measured and theoretically predicted generated voltages based on equations (1) and (4) are shown in figure 5(b) . The waveforms of the modeled and measured results are in good agreement. No significant phase delay was found. After considering the effect of dynamic capacitance of the PZT-Stack, the measured energy waveform and the predicted results using equations (1) and (5) are presented in figure 5(c) . These results are also in good agreement. The generated mean electrical power is in the order of 10 mW.
The voltages and stored electrical energies of a large capacitor (6600 µF), which is charged by the PZT-Stack through a commercial energy harvesting circuit (model number EHC-601, PIEZO SYSTEMS, INC, Woburn, MA), versus time for 40 N rms at 200 Hz (the same condition as in figure 5 ) are presented in figure 6 . The charging processes are saturated when the voltage closes the peak voltages of the PZT-Stack minus the forward voltage (1.1 V) of the rectifier of the harvesting circuit. One can see the super-capacitor (6600 µF) can be charged from 0 to 1.5 V (7.7 mJ) in less than 5 s, as shown in figure 6 , for the off-resonance mode operation of 40 N rms at 200 Hz.
Generated voltages and electrical powers in all modes of operations
The measured frequency spectra of applied mechanical force, generated electrical voltage, equivalent piezoelectric coefficient, and generated electrical power, under a dynamic force of 1 N rms and 10 N rms are presented in figure 7 . The force was relatively constant from 1 Hz to 12.8 kHz except at two resonance frequencies when a 1 N rms force for the shaker was applied during the swept sine measurement. In figure 7(b) , the generated voltage was almost constant (0.053 V rms ) from 1 to 700 Hz. Two clear voltage peaks were observed at, 1189 Hz (0.217 V rms ), and 1767 Hz (0.876 V rms ), due to the vibrations of the dynamic force sensor and the static force sensor in the measurement system. The produced voltage at the main resonance peak of 1767 Hz is more than about 16.5 times the generated voltage at off-resonance frequencies (1-700 Hz).
The equivalent piezoelectric coefficient (EPC) of the PZT-Stack in figure 7(c) is about 1.34 × 10 5 pC N −1 at off-resonance frequencies and 2.22 × 10 6 pC N −1 at the main resonance peak, which is much larger than traditional [4, 5, [7] [8] [9] . Considering that the intrinsic piezoelectric coefficient of Ceramtec's SP505 material is d 33 = 475 pC N −1 , from equation (1), the equivalent piezoelectric coefficient for the PZT-Stack is about 1.425 × 10 5 pC N −1 for c = 1 and 1.353 75 × 10 5 pC N −1 for c = 95% at off-resonance frequencies. As discussed earlier, the theoretical prediction based on c = 95% agrees well with the experimental results in figure 5 , and it also matched well with the experimental results in figure 7 . The frequency spectrum of the generated static electrical power for the PZT-Stack at 1 N rms is presented in figure 7(d) . The static electrical power of 15.0 mW was achieved with 1 N rms force at the main resonance frequency (1767 Hz). In off-resonance mode 15 µW of electrical power was obtained around 800 Hz at 1 N rms for the PZT-Stack.
The measured applied dynamic force, generated voltage, equivalent piezoelectric coefficient, and produced static electrical power under a dynamic force of 10 N rms were presented in figure 7 as the magenta dash lines. When the frequency was higher than 1650 Hz, which closes to the main resonance frequency of 1765 Hz the applied forces on the PZT-Stack, the applied force could not follow the reference values of the force control as shown in the figure 7(a) because of the limit of the experiment equipment. The resultant main resonance voltage peak was not fully measured. However, the highest voltage peak is still close to the main resonance frequency with a reduced equivalent piezoelectric coefficient to 1.39 × 10 6 pC N −1 ( figure 7(c) ). The generated off-resonance mode static electrical power was 2 mW (at 700 Hz) and resonance mode electrical powers were 76 mW at 1213 Hz and 208 mW with 7.35 N rms at 1714 Hz.
Power delivering, impedance matching, dynamic capacitance and power determination for off-resonance mode operations
As discussed earlier, measuring the delivered electrical power on a resistive electrical load (resistor) has been one of the most popular approaches for testing PEHs until now. In this study, we focused on investigating the power delivery for dynamic forces of 10 N rms and 40 N rms in order to obtain a clear picture on the power delivery mechanism and efficiency. Both measured and analytical modeling results for (1) the voltages crossing on various values of resistors, (2) the electrical powers delivered to those resistors, and (3) the ratios for the electrical powers delivered to resistive loads over the generated electrical power under 10 N rms in the frequency range from 5 to 700 Hz are presented in figure 8 .
The voltages crossing on different resistors were modeled using the (18a). The (20a) was used for the modeling of the power delivered on different resistive loads. 1 M was used to model the open-circuit voltage, which reflects the fact that the measurements since the input resistance for the dynamic signal analyzer used in the measurements is 1 M . The equation (10) was used for the modeling of the generated electrical power at the open-circuit case. The input forces for all the modeling cases were the numerical numbers. Since there is no material data for the dielectric (capacitance) and piezoelectric coefficient under dynamic stress, the static data were input for the initial modeling and the dynamic data were determined in the modeling processing. The modeling and analysis procedure is outlined in the following steps:
Step 1: Initial step with static parameters. In this initial step, the static capacitance of 2.5 µF was measured with a 80 N static force after the PZT-Stack was set in the test station. The equivalent piezoelectric coefficient in figure 8(c) was used for the initial input of the equivalent piezoelectric coefficient in the dynamic modeling equations.
Step 2: Determining the dynamic capacitance.
If the input value of the capacitance for the PZT-Stack was correct, the modeled peak frequencies of the power delivery ratios in the figure 8(c) for each resistive load should be matched with the measured results. In our initial modeling, all the modeled peak frequencies were significantly higher than the measured peaks. This indicated the capacitance of the PZT-Stack was increased when a dynamic force was applied, i.e., the dynamic capacitance is positive at off-resonance frequencies. We increased the value of the capacitance step by step. Finally, we found that all the peak frequencies were matched well with experimental measurement when we increased the capacitance up to 2.65 µF, i.e., the dynamic capacitance is about 0.15 µF for the PZT-Stack under 10 N rms dynamic force. It indicated that this is a good method to determine the dynamic capacitance of a PZT-Stack under a dynamic force.
Step 3: Corrections for the equivalent piezoelectric efficiency and the measured generated electrical power.
Using the capacitance determined in step 2, the measured open-circuit voltage, one can obtain the real measured equivalent piezoelectric coefficient and generated electrical power for the open circuit under 10 N rms dynamic forces in figure 8 . The equivalent piezoelectric coefficient for the next step of modeling was taken from the average of the real measured equivalent piezoelectric coefficient.
Step 4: Finalization for the modeling results.
Inserting the equivalent piezoelectric coefficient from step 3 and the total capacitance from step 2 into the equations (18a), (20a) and (24) for each resistive load, the final results, which include the frequency spectra of the voltage crossing on different resistive loads, the electoral power delivered on different resistive loads, and the power delivery ratios, were obtained and plotted in figure 8 .
One can see that all the analytically modeled results for all resistive loads were matched well with the experimental measurement results. This indicates that all the models in this paper are coherent and consistent. As we discussed in section 3.2, the delivered power efficiency in figure 8 (c) demonstrated that 70% of the generated electrical power for the PZT-Stack can be delivered on a resistive load when the impedance of the electrical load matches with the impedance of the piezoelectric structure. The frequencies at matching peaks for those resistors also follow the impedance matching equation (21) well. This indicated the dynamic capacitance is not significantly frequency dependent in the investigated frequency range.
We also investigated power delivery to different resistive loads for the PZT-Stack under 40 N rms dynamic force. The measured and analytically modeled spectra for the applied dynamic forces, the generated open-circuit voltage and voltages crossing different resistive loads, the generated electrical powers for the open circuit and consumptions on different resistive loads, and the power delivery ratios are presented in figure 9 . The analytical modeling processing for the 40 N rms dynamic force was the same as discussed above for the 10 N rms dynamic force. The total capacitance for the 40 N rms dynamic force is 2.88 µF, i.e., the dynamic capacitance is about 0.38 µF for the PZT-Stack under 40 N rms dynamic force. All the analytically modeled results for all resistive loads were matched well with the measurement results. 70% of the generated electrical power was delivered on different matched resistive loads. For instance, a 6.35 mW mean electrical power was generated at 103 Hz with 40 N rms force of off-resonance mode operation, 70.02% (4.465 mW) of the power was delivered to a matched 500 resistor. For the off-resonance mode at 613 Hz, 30.7 mW power was generated and 18.8 mW power was delivered to a closely matched 100 resistor. Given that the weight of the PZT-Stack is 12 g and the volume is 1.59 cm 3 , the generated power density for the PZT-Stack was 2.56 W kg −1 or 9.3 kW m −3 at 613 Hz with 40 N rms in the off-resonance mode. This indicates that the PZT-Stack can be used as a broadband PEH to power wireless sensors and portable devices when a high force and small displacement vibration source is excited.
The power delivery to resistive load studies for 10 N rms , and 40 N rms , indicated that both the dynamic capacitance and piezoelectric coefficient are strongly dependent on the dynamic stress. No frequency dependence of dynamic capacitance was found in the investigated frequency range. However, the piezoelectric coefficient is slightly frequency dependent. The direct piezoelectric coefficient for each layer of the piezoelectric material in the PZT-Stack as a function of applied dynamic stress under 1.2 MPa static stress is shown in figure 10 . The phenomenon that the piezoelectric coefficient increases with applied dynamic stress (force) was discovered by several research groups for PZT and other piezoelectric materials [28, [30] [31] [32] [33] . This paper further confirmed the phenomenon.
The investigation for the power delivery method verified our modeling is correct. It indicates that this method can be used to determine (1) the dynamic capacitance under different dynamic force (stress), (2) the generated electrical power in Figure 11 . Off-resonance mode frequency spectra for (a) applied force, (b) generated voltage, and (c) equivalent piezoelectric coefficient at different levels of applied forces for the PZT-Stack. The lines from top to bottom are for levels of dynamic forces at 40 N rms (black solid lines), 10 N rms (cyan dash lines), and 1 N rms (magenta dash dot lines).
a piezoelectric component, (3) the power delivery ratios to a matched and unmatched resistive load at any frequencies, and (4) the predictions for matched resistive loads.
Relationships for generated electrical power with applied dynamic forces and frequencies for off-resonance mode operation
The spectra for the applied dynamic forces, generated electrical voltages, and equivalent piezoelectric coefficient for the PZT-Stack at different magnitudes of the applied forces below 700 Hz are presented in figure 11 . Approximately 2.15 V rms was obtained at 40 N rms for the PZT-Stack in the off-resonance mode. The generated voltage is proportional to the magnitude of the applied force. They were almost constant from 1 to 500 Hz. The equivalent piezoelectric coefficients for different levels of applied forces are presented in figure 11(c) . The average equivalent piezoelectric coefficients at 10 Hz are 1.34 × The spectra for the generated static power, dynamic power, and total power for the PZT-Stack at different magnitudes of the applied forces below 700 Hz are presented in figure 12 . In order to help us understand the generated electrical power of the PZT-Stack, we introduced the static power, which is defined as the change of the accumulated energy in the static capacitance (C p0 ) over time, and (2) the dynamic power which is defined as the change of the accumulated energy in the static capacitance (C p0 ) over time, in section 2. In figure 12(a) , the generated static power was proportional to the frequency and the square of the magnitude of the applied dynamic force. The dynamic power in the figure 12(b) is proportional to the frequency. The overall generated power, as shown in figure 12(c) is proportional to the frequency and closely proportional to the square of the magnitude of the dynamic force. Figure 12 . Off-resonance mode frequency spectra for (a) generated static electrical power, (b) generated dynamic electrical power, and (c) generated total electrical power at different levels of applied forces for the PZT-Stack. The lines from top to bottom are for levels of dynamic forces at 40 N rms (black solid lines), 10 N rms (cyan dash lines), and 1 N rms (magenta dash dot lines).
Mechanical to electrical energy conversion efficiency for PZT-Stack
Mechanical to electrical energy conversion efficiency is a very critical parameter for piezoelectric energy harvesting development. However, few literatures addressed this issue because of the limitation of the facility and measurement methods. In order to address the challenging issue we integrated the NASA Langley equipment and the University of Stony Brook facilities to establish the measurement setup, which was described in section 4. We also utilized the resistor aided measurement method, which was described in section 5.4, to enable the measurment of the generated electrical power more accurately.
The spectra for the applied mechanical power, generated electrical power, and the mechanical to electrical energy conversion efficiency for the PZT-Stack at different magnitudes of the applied forces are presented in figure 13 . The applied mechanical power in figure 13(a) was obtained from the measured applied dynamic force, the net relative displacement between the top fixture and the bottom text fixture as shown in figure 3(c) , and the frequency of the applied dynamic force. Due to the first resonance frequency of the shaker in the setup being around 100 Hz, as shown in figure 13(a) , it was very challenging to get a stable signal of the displacements in the order of nanometers when the frequency was higher than 100 Hz, although two laser vibrometers were used to measure them simultaneously. The accurate measurements for the displacements only can be obtained up to 100 Hz. However, the output electrical power singles, as shown in figure 13 (b) were very stable. This indicated that the dynamic forces were controlled well even at the shaker resonance frequencies. In figure 13(c) , the signal for the measured mechanical to electrical energy conversion efficiency, i.e., the ratios of the generated electrical powers over the applied mechanical powers at of the each measured frequencies, were relatively stable when the frequency was lower than the first shaker resonance frequency. Averages of 35% mechanical to electrical energy conversion efficiencies were obtained. The intrinsic electrical to mechanical energy conversion efficiency for the Sonox R P505 PZT material, which was used for the PZT-Stack was 53% (k 33 = 0.73) (manufacturer's data, which was measured using the impedance resonance method). If considering elastic energies occupied by the following three components in the PZT-Stack: (1) the 301 layer silver electrode in total thickness is about 0.4 mm, (2) the 2 mm two end cap, (3) the two-side silver electrode as shown in figure 1(b) , around 20% energy conversion efficiency would be reduced from the pure Sonox R P505 PZT material (53%). In addition, the deformations from the stack clamp and the top fixture were not measured. The real efficiency might be slightly higher than the measured value. However, the measured accuracy is higher than 85% based on the above analysis. The 35% mechanical to electrical energy conversion efficiency is more than 4 times higher than the state-of-the-art piezoelectric harvesters [4, 10] . 5.7. Generated power, delivered power, and stored energy for a PZT-Stack operated in the resonance frequency regimes
The details of the frequency spectra of applied force and generated voltage for the PZT-Stack under 10 N rms were presented in figure 7 . Two clear resonances at 1213 and 1714 Hz were observed. The electrical powers, which were delivered to resistive loads in the resonance regimes, were specially investigated. The measured voltages crossing on various values of resistors, the delivered electrical powers on those resistors, and the ratio for the delivered electrical powers on resistors over the generated electrical power for open-circuit mode in the frequency range from 1 kHz to 2 kHz are presented in figure 14 . In figure 14(b) , 108 mW electrical power, which is 52% of open-circuit power as shown in figure 14(c) , was delivered on a 30.4 resistor at 1714 Hz. The measured electrical power delivered ratios (efficiency) in the resonance regimes was not as accurate as in the off-resonance regime. This may be due to (1) the repeatability of the generated electrical power in the resonance regimes maybe not being as good as in off-resonance regimes, (2) the capacitance was not a constant in the resonance regimes as shown in figure 4 , and (3) the extra impedance from the mechanical vibration. However, it is clearly demonstrated that more than 50% of the generated resonance mode static electrical power can be delivered on a matched resistive electrical load (resistor).
The spectra of power delivered to different resistive loads for the PZT-Stack under the dynamic force of 40 N rms at the two resonance peak regimes were presented in figure 15 . Since a relatively larger power consumption suddenly occurs at the resonance regimes, the applied forces on the PZT-Stack from the shaker could not follow the reference values of the force control as shown in figure 15(a) . The second peak of the voltage over force (not shown in this paper) for the open circuit was still around 1714 Hz. The generated second voltage peaks for the open circuit shifted to lower frequencies as shown in figure 15(b) , since the dynamic force could not be applied at the resonance peak (the sweep sine measurements were taken from high frequency down to low frequency). This second voltage peaks in the resonance regimes and off the resonance peak. The repeatability of the sweep sine measurement may not be as good as for the 10 N rms case. However, the generated electrical powers were significantly larger. The peak values for the delivered powers with vibration frequencies and excitation forces are listed in table 3. Multiples of delivered electrical power peaks with magnitude more than 300 mW were obtained. For instance, an electrical power of 347 mW was delivered to a 30.4 resistor at 1204 Hz with an excitation force of 22.15 N rms , and an electrical power of 321 mW was delivered to a 27.2 resistor at 1213 Hz with an excitation force of 7.4 N rms . Those powers are good enough to power major wireless sensors. An example of waveforms for the applied force and generated voltage at 1690 Hz, which is close to the second resonance peak, was shown in figure 16 . The waveform of the applied force was not a full sinusoidal curve. On the contrary, the generated voltage was still a sinusoidal waveform. However the phase of the generated voltage shifted 180 • referring to the phase of the applied force. A representation of the time spectra for the generated voltage and applied force at 200 Hz was presented in figure 5(a) . The generated voltage and the applied force were in the same phase at off-resonance frequencies. The 180 • phase differential between the generated voltage and the applied force at 1690 Hz indicates that the dynamic vibration closed to the resonance state. The force was about 12.5 N rms and the generated voltage about 4.7 V rms . The stack electrical power is about 414 mW.
Keeping the same dynamic input in the figure 15 , a super-capacitor (6600 µF), was charged by the PZT-Stack through a EHC-601 harvesting circuit. The voltage and stored electrical energy versus charging time was presented in figure 17 . In 1.0 s, the super-capacitor was charged from 0 to 4.48 V. A 66.2 mJ electrical energy was stored in the super-capacitance in the first second. The energy storage ratio is about 16% from the stored power over the generated static power. The electrical charge transportation rate is 25.6%. If a PEH is designed to have this harvesting capability, it can be used broadly for portable power sources in wireless industries.
In this investigation, an EHC-601 harvesting circuit, which is a commercial AC-DC convert circuit with a super-capacitor was utilized for the energy storage capability study. Recently, several new technologies have increased energy storages with advanced energy harvesting circuit designs [50] [51] [52] . Using those advanced energy harvesting circuits instead of the EHC-601 harvesting circuit, the energy storage efficiency and the electrical charge transportation rate from the PZT-Stack to a super-capacitor could be significantly increased.
Conclusions
In summary, the energy harvesting performance of the PZT-Stack was investigated theoretically and experimentally. Theoretical models for the generated electrical energy of a PZT-Stack, and electrical power delivery from the PZT-Stack to a resistive load were derived. A precision force controllable piezoelectric harvesting measurement method with 1 nm resolution of displacement monitoring was developed to make the experimental results more accurate. All the experimental measurement results agreed well with the theoretically modeled results. 70% of the generated electrical power can be directly delivered on a matched resistive load. The resistive load assisted measurement method, which was developed in this research, enables to evaluate (1) the dynamic capacitance, (2) the electrical energy stored in the dynamic capacitor, (3) the equivalent piezoelectric coefficient under dynamic stress, and (4) the generated electrical power and the power delivery ratios to various resistive loads. Experimental measurements were carried out with dynamic forces in a broad bandwidth ranging from 1 to 20 000 Hz. The relationship for the generated electrical power with magnitude of dynamic excitation force and frequency are theoretical and experimentally addressed. The mechanical to electrical energy conversion efficiency was directly measured such that a 35% mechanical to electrical energy conversion for the PZT-tack was obtained, which is over 4 times higher than other reports. With the high energy conversion efficiency and larger equivalent piezoelectric coefficient for the PZT-Stack, the generated electrical power and power density were significantly higher than those from a similar weight and size cantilever-type piezoelectric harvester in both resonance and off-resonance modes. For example, (1) at the resonance mode, an electrical power of 347 mW was delivered to a 30.4 resistor at 1204 Hz with an excitation force of 22.15 N rms , and an electrical power of 321 mW was delivered to a 27.2 resistor at 1213 Hz with an excitation force of 7.4 N rms ; (2) in the off-resonance mode, at 613 Hz, 30.7 mW power was generated and 18.8 mW power was delivered to a close matched 100
resistor. In addition, the generated charges have been successfully stored in a super-capacitor both for off-resonance mode and resonance mode operations. For instance, in 1.0 s, a 6600 µF super-capacitor was charged from 0 to 4.48 V. This indicated that 66.2 mJ of electrical energy was stored in the super-capacitance in 1.0 s, with the energy storage ratio being about 16% and the electrical charge transportation rate 25.6% from the PZT-Stack to the super-capacitor.
